Introduction
============

*Helicobacter pylori* infection occurs most often in childhood, and the effects of infection can be seen usually in adulthood. *H. pylori* infection can lead to chronic gastritis, gastric and duodenal ulcers, gastric cancer, and MALT lymphoma. Standard therapy with a proton pump inhibitor and antibiotics such as clarithromycin and amoxicillin or metronidazole cures only about 70% of patients ([@B10]; [@B19]). Although resistance to clarithromycin is considered the most important cause of ineffective *H. pylori* eradication, the causes of failure also include non-compliance with medical recommendations, high acidity in the stomach, a high load of bacteria and heterogeneity of *H. pylori* strains ([@B17]). The latest recommendations make treatment depend on the degree of resistance to clarithromycin. In regions with low resistance rates to clarithromycin (less than 20%), standard therapy, which contains clarithromycin, is recommended. In regions with high resistance to clarithromycin (\>20%), first-line therapy with bismuth salts is recommended and, if it is not available, sequential therapy (PPI, amoxicillin for 5 days and PPI, clarithromycin, metronidazole, or tinidazole for the next 5 days) ([@B17]; [@B1]).

Resistance to clarithromycin arises as a result of point mutations in the domain V of the 23S rRNA gene of the 50S ribosomal bacterial subunit that leads to a change in the conformation of the target site. The change is so important that clarithromycin does not recognize the target site of action, and consequently is not able to stop the synthesis of proteins in the bacterial cell ([@B18]). Three mutations seem to be the most important: A2143G, A2142G, and A2142C. Transmission of resistance to clarithromycin takes place by horizontal gene transfer, in particular by acquisition of genes carried on mobile genetic elements from resistant to sensitive bacteria even within a strain of the same genotype ([@B35]). In addition, the exchange of genetic material can occur between different strains in mixed *H. pylori* infections ([@B30]).

Until recently, rates of resistance of *H. pylori* strains to levofloxacin have been very low in Poland ([@B14]). However, the introduction of this drug into the treatment of *H. pylori* infections quite quickly resulted in the emergence of resistant strains. It seems that resistance to levofloxacin results from mutations in the quinolone resistance determining region (QRDR), where the genes *gyrA* and *gyrB*, encoding subunits of bacterial gyrase, are located. The point mutations which occur in the GyrA subunit are located in the following codons: 86, 87, 88, and 91 ([@B29]; [@B18]; [@B27]; [@B9]). The changes in the GyrB subunit, mainly at position 463, 438, 484 also should be taken into consideration ([@B20]; [@B9]). Unfortunately, there are *H. pylori* strains that despite the phenotypic resistance to levofloxacin, do not show any mutation in the QRDR region, neither the *gyrA* nor *gyrB* gene. This may indicate another mechanism of this resistance. Mutations in the *gyrA* and/or *gyrB* genes are present in approximately 83% of levofloxacin-resistant strains. It was suspected that mutations in the genes coding for topoisomerase IV parC or parE could be the cause of resistance, similar to *Neisseria gonorrhoeae* or mutations in the efflux system. However, so far no changes have been identified in these places that would be related to resistance to fluoroquinolones ([@B20]; [@B26]; [@B34]).

The resistance profile of the strains seems to be important in choosing an antibiotic for *H. pylori* eradication, especially after failure of the first line treatment ([@B30]). The aim of this study was to identify point mutations in selected DNA fragments responsible for resistance of *H. pylori* strains using a sequencing technique.

Materials and Methods {#s1}
=====================

The research was carried out on 170 *H. pylori* strains, constituting part of the strain collection of the Department of Microbiology of Wrocław Medical University. The strains were isolated in the period 2008--2016 from children diagnosed and treated in the Second Chair and Department of Pediatrics, Gastroenterology and Nutrition, Wrocław Medical University, and from adults diagnosed in the Department and Clinic of Gastroenterology and Hepatology, and the Chair and Clinic of Gastrointestinal and General Surgery, Wrocław Medical University. The study was carried out in accordance with the World Medical Association's Declaration of Helsinki. The protocol was approved by the Ethics Committee of Wrocław Medical University, Approval No. 154/2011. All subjects older than 16 years of age and parents of children under the age of 16, gave written informed consent to participate in the study. The strains were isolated from biopsies of the gastric mucosa taken during routine endoscopic examination of the upper gastrointestinal tract, which was performed due to clinical indications. The patients suffered from the following gastrointestinal complaints: dyspeptic symptoms, abdominal pain, nausea, and vomiting. All strains were isolated from previously untreated patients with primary *H. pylori* infection. After establishing diagnosis, patients were treated with standard regimen, consisting of proton pump inhibitor and two antibiotics: amoxicillin and clarithromycin or amoxicillin and metronidazole for 7 days. In case of detected resistance to clarithromycin and metronidazole, other regimens were used, including quadruple therapy with bismuth salts, and tetracycline or regimens based on levofloxacin in adults patients. The choice of antibiotic was dependent on the result of the susceptibility test ([@B16]; [@B1]; [@B12]). The strains isolated from patients with recurrent *H. pylori* infection were not tested.

Culture of Strains
------------------

Bacteriological examination of gastric mucosa samples was carried out on the basis of direct Gram staining, bacterial culture, and biochemical differentiation (urease, oxidase, and catalase test). Initially, the collected *H. pylori* strains, stored at -70°C in tryptic soy broth (TSB medium, Becton Dickinson, Germany) with the addition of 15% glycerol, were revived. After thawing, the strains were cultured on growth media by a method described elsewhere ([@B2]). The strain *H. pylori* J99 from the collection of the Department of Microbiology of Wrocław Medical University was used as a reference strain.

Susceptibility Testing by E-Test
--------------------------------

The microorganisms obtained during the 72-h cultivation were then suspended in a brain heart infusion broth (BHI, Becton Dickinson, Germany). Cell concentration was determined using a densitometer (BioMeriux). Bacterial suspensions with a density of three according to the McFarland scale, i.e., 10^8^ cells (CFU)/1 ml were used for susceptibility testing. In subsequent steps, the susceptibility of the strains to the antibiotics amoxicillin (AMC), clarithromycin (CH), metronidazole (MTZ), tetracycline (TET), and levofloxacin (LEV) was determined by the E-test method using E-test strips (BioMerieux, Poland) as described elsewhere ([@B2]). The MIC value of 32 μg/ml was considered as a cut-off point between low and high levels of antibiotic resistance ([@B33]).

DNA Sequencing Genes From *H. pylori* Strains
---------------------------------------------

From *H. pylori* strains obtained after 72 h of incubation, DNA was isolated by the column method using a Genomic Mini KIT (A&A Biotechnology, Poland). Then, polymerase chain reaction (PCR) was performed for amplification regions, including following genes: *23S rRNA* (DNA fragment corresponding to position 1881--2150), *gyrA* (DNA fragment corresponding to position 121--588), *gyrB* (DNA fragment corresponding to position 1153--1560). Based on the sequence of reference strain J99 available on the GenBank website, the following primers were designed to detect point mutations: 23S rRNA forward primer (5′-AAT TGA AGC CCG AGT AAA CG-3′), 23S rRNA reverse primer (5′-ATG GCT CCA TAA GAG CCA AA-3′), gyrA forward primer (5′-AGC TTA TTC CAT GAG CGT GA-3′), gyrA reverse primer (5′-TCA GGC CCT TTG ACA AAT TC-3′), gyrB forward primer (5′-CCC TAA CGA AGC CAA AAT CA-3′), gyrB reverse primer (5′-GGG CGC AAA TAA CGA TAG AA-3′). The oligonucleotides complementary to the individual *H. pylori* genomic DNA fragments (Generi Biotech, Czechia) and the TaKaRa Taq Hot Start Version PCR kit (TaKaRa, Co., Japan) were used. The product of the 23S rRNA gene was amplified under the following conditions: 5 min at 94°C for initial denaturation followed by 35 cycles of 30 s at 94°C, 30 s at 57°C, and 30 s at 72°C with a final round of 5 min at 72°C. The size of the product obtained was 270 bp. Conditions of PCR reaction for *gyrA* and *gyrB* genes were as follows: 10 min at 95°C for initial denaturation followed by 35 cycles of 30 s at 95°C, 45 s at 58°C, and 30 s at 72°C with a final round of 5 min at 72°C. The size of the product obtained for *gyrA* and *gyrB* was 467 and 407 pz, respectively. The PCR products were then purified from the remaining free nucleotides and primers of the reaction with a mixture of exonuclease enzymes (Exo I) and alkaline phosphatase (SAP) in a 2:1 ratio. The sequencing reaction was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, United States) in the presence of primers complementary to the sequences of the tested genes using the standard conditions described by the manufacturer. Sequence analyses were performed using the ABI 3500 sequencer. The results were visualized using the FinchTV program. Each sequence was compared to the sequences of *H. pylori* J99 and *H. pylori* 26695 reference strains, available on the GenBank website.

Statistical Analyses
--------------------

The results of the study were analyzed statistically by Pearson′s χ^2^ test, maximum likelihood χ^2^ test, Yates test, logistic regression method (multivariate analysis), and Spearman′s rank correlation test. In addition, the Mann--Whitney *U*-test was used to evaluate the effect of the number of mutations on resistance, in which all data are compared to each other. A *p*-value ≤ 0.05 was considered statistically significant.

Results
=======

In this study, 170 *H. pylori* strains, isolated from children (*n* = 123) and adults (*n* = 47) with various diseases of the gastrointestinal tract, such as chronic gastritis, and peptic or duodenal ulcer, were tested. Among all strains, 26% were susceptible and 74% were resistant to at least one of the tested antibiotics (Table [1](#T1){ref-type="table"}). Resistance to MTZ occurred among 56% of strains, 24% of strains were resistant only to MTZ, whereas 32% of them were multi-resistant. Among all strains, 46% were resistant to CH, whereas 17% were resistant only to CH, and multi-resistant strains accounted for 29%. Resistance to LEV occurred among 6% of strains, whereas 1% were resistant to LEV only, and multiresistant strains accounted for 5%. All tested strains were susceptible to AMC and TET.

###### 

Resistance rates of examined *H. pylori* strains.

  Antibiotics              Total   Children   Adults              
  ------------------------ ------- ---------- -------- ----- ---- -----
  MTZ *(total)*            96      56         59       48    37   79
  CH *(total)*             79      46         64       52    15   32
  LEV *(total)*            10      6          2        2     8    17
  MTZ                      41      24         24       20    17   36
  CH                       29      17         29       24    0    0
  LEV                      1       1          0        0     1    2
  MTZ+CH                   46      27         33       27    13   28
  MTZ+CH+LEV               4       2          2        2     2    4
  MTZ+LEV                  5       3          0        0     5    11
  AMC                      0       0          0        0     0    0
  TET                      0       0          0        0     0    0
  Susceptibility strains   44      26         35       28    9    19
  Total                    170     100        123      100   47   100
                                                                  

n, number of resistant strains; %, percent of resistant strains; MTZ, metronidazole; CH, clarithromycin; LEV, levofloxacin; TET, tetracycline; AMC, amoxicilin.

In the next step, 106 of 170 *H. pylori* strains, with a known clarithromycin susceptibility profile, were selected for further studies. We chose only those strains which were passaged for only two or three times on culture media to reduce the risk of high genetic variability of analyzed regions ([@B22]; [@B9]).

They were isolated from 91 children and 15 adults. The analysis of mutations in the *23S rRNA* gene was performed for 77/106 strains resistant to clarithromycin (study group) and for 29/106 susceptible strains (control group). The point mutations in the *23S rRNA* gene in *H. pylori* strains resistant to clarithromycin were tested (Figure [1](#F1){ref-type="fig"}). Among these strains, 72% (56/77) had a mutation at position A2143G, of which 56% (43/77) had a single mutation, while the other strains had at least two mutations. In 10% (8/77) of strains, mutations at positions A2143G and T2182C were detected. Among strains resistant to CH, 12% (10/77) had a mutation at position A2142G, of which 9% (7/77) had a single mutation, while the others had at least two mutations. No mutations were found in 13% of strains from the study group.

![Distribution of point mutations in 23S rRNA gene in *H. pylori* strains susceptible and resistance to clarithromycin.](fmicb-09-03154-g001){#F1}

The point mutations in the *23S rRNA* gene of *H. pylori* strains sensitive to clarithromycin are shown in Figure [1](#F1){ref-type="fig"}. Among strains sensitive to clarithromycin, 10% (3/29) had a mutation at position A2143G, of which 7% (2/29) had a single mutation, and 3% (1/29) possessed mutations A2143G and A2174G. In addition, mutations at position T2182C were detected in 17% (5/29) of strains. The remaining 72% (21/29) of strains from the control group did not have any mutations in the *23S rRNA* gene. Fluorograms showing mutations detected in the *23s rRNA* gene by the sequencing method are presented in [Supplementary Material](#SM1){ref-type="supplementary-material"}.

Half of all strains with the A2142G mutation were characterized by a MIC value ≤ 32, while other strains had a MIC value \> 32 (Table [2](#T2){ref-type="table"}) ([@B33]). However, 57.1% (4/7) of strains with a single A2142G mutation had MIC ≤ 32 and 42.9% (3/7) of them had MIC \> 32. Strains with the A2142G + C2195T mutations were characterized by MIC ≤ 32, whereas the mutations A2142G + A2223G and A2142G + T2182C + C2195T had MIC \> 32. The MIC ≤ 32 value was found in 83.9% (47/56) of all *H. pylori* strains resistant to clarithromycin with the A2143G mutation, and in 86% (37/43) of them with a single A2143G mutation. The value of MIC \> 32 occurred in 16.1% (9/56) of all strains with the mutation A2143G, 14% (6/43) of strains with the single mutation A2143G and in 37.5% (3/8) of strains with two mutations: A2143G + T2182C. Strains resistant to clarithromycin with the T2182C mutation had MIC ≤ 32. In contrast, 80% (8/10) of resistant strains, not having mutations in the studied fragment, were characterized by MIC ≤ 32, and the remaining 20% (2/10) of them were characterized with MIC \> 32. There was no statistically significant difference between the groups (χ^2^ = 19.910, *p* = 0.0688). Using statistical analysis it was shown that the strains with higher MIC values more often possessed a mutation at position A2143G (*p* = 0.00025 and *p* \< 0.001). Below OR (odds ratio) = 23.11, the risk of resistance was 23x higher among strains with the G mutation of the A2143G mutation than wild-type strains (Figure [2](#F2){ref-type="fig"}). Together with the increase in the number of mutations, the percentage of susceptible strains was significantly lower (Pearson's χ^2^ 36.24573, *p* = 0.00000 and maximum likelihood χ^2^ test 35.34400, *p* = 0.00000). The occurrence of at least one (any) mutation increases the risk of resistance (Pearson's χ^2^ 35.95308, *p* = 0.00000, maximum likelihood χ^2^ test 34.49099, *p* = 0.00000, Yates' test 33.13852, *p* = 0.00000). The presence of A2143G mutation increased the risk of resistance about 17-fold (OR = 17.587). There was a significant relationship between the number of mutations and the degree of resistance (Pearson's χ^2^ 98.28355, *p* = 0.00611 and maximum likelihood χ^2^ test 96.03649, *p* = 0.00928). In addition, a statistically significant relationship was demonstrated between the locus of mutation and resistance, e.g., the mutation at position 2143 was crucial for resistance to clarithromycin (Pearson's χ^2^ 55.58826, *p* = 0.00000 and maximum likelihood χ^2^ test 60.87119, *p* = 0.00000).

###### 

Correlation between MIC value (mg/L) and type of mutation in *23S rRNA* gene among *H. pylori* strains resistant to clarithromycin.

  Mutation               MIC (mg/L)               
  ---------------------- ------------ ------- --- -------
  A2142G all             5            50,0    5   50,0
  A2142G single          4            57,1    3   42,9
  A2142G+C2195T          1            100,0   0   0,0
  A2142G+A2223G          0            0,0     1   100,0
  A2142G+T2182C+C2195T   0            0,0     1   100,0
  A2143G all             47           83,9    9   16,1
  A2143G single          37           86,0    6   14,0
  A2143G+A2174G          1            100,0   0   0,0
  A2143G+T2182C          5            62,5    3   37,5
  A2143G+A2223G          3            100,0   0   0,0
  A2143G+C2195T+A2223G   1            100,0   0   0,0
  T2182C                 1            100,0   0   0,0
  No mutation            8            80,0    2   20,0
                                                  

![Forest plot describing the odds ratio of resistance to clarithromycin for mutation A2143G. OR, odds ratio; p, *p*-value.](fmicb-09-03154-g002){#F2}

For the analysis of the mutations in the *gyrA* and *gyrB* genes, 22 *H. pylori* strains were selected, including 10 strains resistant to levofloxacin as the test group and 12 sensitive strains as a control group. Figure [3](#F3){ref-type="fig"} shows the point mutations in the *gyrA* and *gyrB* gene in *H. pylori* strains susceptible and resistant to levofloxacin. Among resistant strains, 20% (2/10) had the Asn87Lys mutation, another 20% (2/10) had the Asp91Gly mutation, 10% (1/10) had the Asp91Asn mutation and 10% (1/10) had the Asp91Tyr mutation. 40% (4/10) of tested strains did not have any sense mutation or had silent mutations. Among susceptible strains, 8% (1/12) had Pro188Ser mutations and the remaining 92% (11/12) did not have any sense mutation or silent mutations. Among resistant strains 60% (6/10) possessed mutations Asp481Glu + Stop484Lys, and another 10% (1/10) had the mutation Asp481Glu. 30% (3/10) of resistant strains did not have any sense mutation or had silent mutations. Among sensitive strain, 92% (11/12) possessed mutations Asp481Glu + Stop484Lys, and the remaining 8% (1/12) did not have any sense mutation or had silent mutations.

![Distribution of sense mutations in *gyrA* and *gyrB* gene *H. pylori* strains susceptible and resistant to levofloxacin.](fmicb-09-03154-g003){#F3}

The analysis of the relationship between the MIC values and the type of mutation in *H. pylori* strains resistant to levofloxacin was performed (Table [3](#T3){ref-type="table"}). Half of all strains with the Asp91Gly mutation were characterized by MIC = 32, while the remaining strains showed MIC = 4. However, the Asp91Tyr mutant strain was characterized by a high MIC = 32 and the strain with the Asp91Asn mutation had MIC = 4. All Asn87Lys mutant strains had MIC = 32. The mutant strains were characterized by MIC from low (3) to high (32). After applying Spearman′s correlation test, it was found that the correlation between the number of mutations and resistance to levofloxacin was not significant (*p* = 0.064350). The presence of isoleucine at position 191 of the *gyrA* gene significantly reduced the risk of resistance to fluoroquinolones by 87% (*p* = 0.0376) (Figure [4](#F4){ref-type="fig"}). The presence of the GCG allele at position 122 of the gyrA gene significantly increased the risk of resistance to levofloxacin eightfold (*p* = 0.0376). There was a significant relationship between the number of mutations and resistance to levofloxacin. We found that strains resistant to this antibiotic had a higher mean number of mutations than did sensitive strains (Mann--Whitney test, *p* = 0.0358).

###### 

Correlation between MIC value (mg/L) and type of mutation in *gyrA* gene among *H. pylori* strains resistant to levofloxacin.

  Mutation      MIC   *n*   *%*
  ------------- ----- ----- -----
  Asn87Lys      32    2     100
  Asp91Asn      3     1     100
  Asp91Tyr      32    1     100
  Asp91Gly      4     1     50
                32    1     50
  No mutation   3     2     50
                8     1     25
                32    1     25
                            

![Forest plot describing the odds ratio of resistance to levofloxacin for mutation Ile191Met. OR, odds ratio; p, *p*-value.](fmicb-09-03154-g004){#F4}

Discussion
==========

Resistance of *H. pylori* strains poses a serious therapeutic problem worldwide and contributes to the failure of eradication of *H. pylori* infection in approximately 70% of patients ([@B18]; [@B13]). The World Health Organization listed *H. pylori* strains resistant to clarithromycin in the group of the most dangerous alert pathogens ([@B28]).

In this study, 170 *H. pylori* strains were tested; 26% of them were susceptible, and 74% were resistant to at least one of the tested antibiotics. Multiresistant strains accounted for as many as 32%, and included those resistant to two (metronidazole and clarithromycin or metronidazole and levofloxacin) or three (metronidazole, clarithromycin, and levofloxacin) antibiotics. In Poland, as well as in Eastern and Central European countries, in Nigeria, Southeast Asia, China and Argentina, resistance to clarithromycin is high and ranges from about 15 to even 30% ([@B18]; [@B10]; [@B13]). Such high resistance of strains to clarithromycin in Poland results mainly from excessive consumption of antibiotics, especially from the group of macrolides, and their widespread use in respiratory tract infections. In our study, the most frequently occurring mutation in *H. pylori* strains resistant to clarithromycin was the A2143G mutation in the *23S rRNA* gene, which was present in 72% of resistant strains, which confirms previous observations of other authors from Poland ([@B25]; [@B15]). We have demonstrated that the risk of resistance to this group of antibiotics is 23 times higher among strains that have the mutation A2143G. Many researchers consider it as the main cause of resistance to clarithromycin ([@B30]). Raymond et al. analyzed *H. pylori* strains isolated from children in France which were resistant to clarithromycin and, in 90% of them, the A2143G mutation was identified ([@B25]). According to [@B18], 61% of *H. pylori* strains resistant to clarithromycin possess the A2143G mutation. In addition, other mutations such as T2182C, A2223G, T2244C, A2302G, C2195T, and C1953T were also common in *H. pylori* strains ([@B23],[@B24]). In northern China, three other mutations, G2224A, C2245T and T2289C, were identified in *H. pylori* strains resistant to clarithromycin ([@B32]). In our study, other mutations in the *23S rRNA* gene of *H. pylori* strains resistant to clarithromycin (T2182C, A2223G, A2174G, and C2195T) were observed also. Most often, they occurred together with the A2143G mutation. In our study, we found that the probability of the presence of susceptible strains significantly decreases with the increase in the number of mutations in the *23S rRNA* gene (*p* \< 0.00001), and the introduction of even one additional mutation increases the risk of resistance to clarithromycin (*p* \< 0.000001) and affects the degree of resistance. There is no single position on the significance of the T2182C mutation in creating a mechanism of resistance to clarithromycin. However, in our study, as in those of other authors, the binding mutation was associated with a low degree of resistance to clarithromycin ([@B7]; [@B11]; [@B32]). It is also surprising that in more than 10% of the tested strains sensitive to clarithromycin with a MIC value of 0.016 the A2143G mutation was identified also. The reason for this phenomenon may be related to the existence of another feature, which appears only when combined with the A2143G mutation leading to the resistance phenotype, but this observation requires further research. It should be noted that among *H. pylori* tested strains resistant to clarithromycin, there were also 12% of strains with the A2142G mutation. In Poland, the incidence of A2142G mutations in resistant strains was 42.9% ([@B15]). In Egypt a mutation at this position was observed more often, in 57.7% of strains resistant to clarithromycin ([@B31]). In Vietnam, however, the A2142G and A2142C mutations were not found ([@B3]; [@B24]). The occurrence of various mutations determining resistance to clarithromycin is not fully understood. It may result from the variability of strains in humans and their genetic variations ([@B3]; [@B24]). The relationship between the MIC value and the type of mutation in the 23S rRNA gene was also examined. Versalovic proposed the MIC value of 32 as a cut-off point between low and high levels of antibiotic resistance ([@B33]). In the present study, a high MIC value was observed for half of all strains with the A2142G mutation and about 43% of strains with a single A2142G mutation. The MIC value was also influenced by the presence of other mutations, e.g., strains A2142G + A2223G and A2142G + T2182C + C2195T had a MIC value \> 32. However, the vast majority of strains (83.9%) with the A2143G mutation had MIC ≤ 32, and still more were identified with the single A2143G mutation (86%). Other studies conducted in Poland also showed that strains with the A2142G mutation correlated with high resistance to clarithromycin, while those with the A2143G mutation were characterized by lower MIC values ([@B15]). Chen indicated that A2142G and A2142C mutations were associated with a high degree of resistance to macrolides, considering the cut-off point MIC = 64 ([@B5]). The A2143G mutation is not only associated to high MIC value, but also may increase the risk of therapy failure ([@B6]). Although in some studies strains with the A2142G mutation show a higher degree of resistance to this drug, the cause of this phenomenon has not yet been identified ([@B32]). Strains resistant to clarithromycin with the T2182C mutation had MIC ≤ 32. In contrast, 80% of resistant strains, but not having mutations in the studied fragment, were characterized by MIC ≤ 32, and the remaining 20% had MIC \> 32. In this study, in 13% of *H. pylori* strains resistant to clarithromycin, mutations in the 23S rRNA gene were not detected, which may suggest another mechanism of resistance. In addition to the 23S rRNA mutation, another mechanism of resistance to clarithromycin, associated with expression of the RND efflux pumps (resistance-nodulation-cell division), has been described, The efflux pump system is not the primary and main cause of resistance to clarithromycin ([@B5]), but a secondary mechanism found in multiresistant strains. It should also be noted that most of these strains were characterized by high or medium MIC, e.g., MIC 256 -- 20% (2/10), MIC 32 -- 10% (1/10), MIC 24 -- 10% (1/10 ), MIC 8 -- 20% (2/10), and MIC 4 -- 40% (4/10) of the strains.

Currently, in many places in the world, including in Poland, an increase in the resistance of *H. pylori* to levofloxacin is observed. According to Karczewska, in 2006--2008, resistance to levofloxacin was as high as 5%, and by 2009--2011 it had increased to 16%. In studies from Lower Silesia, resistance to levofloxacin was 8% ([@B2]; [@B14]). Similarly, in Spain and France, the number of resistant strains increased from 6 and 3% to 25 and 17% respectively over several years ([@B10]). In our study, among all tested strains, 6% were resistant to levofloxacin, with 5% of strains being multiresistant. The relatively low frequency of resistance to levofloxacin among the strains studied may be related to the fact that the strains were predominantly isolated from children, a population in which fluoroquinolones are used very rarely.

The resistance of *H. pylori* to fluoroquinolones is most commonly associated with a mutation in the *gyrA* gene in codons 87 and 91 ([@B9]). Moore described the following mutations in the *gyrA* gene of levofloxacin-resistant *H. pylori* strains: Asn87Lys, Ala88Val, Asp91Gly, Asp91Asn, Asp91Tyr, and the Ala91Val and Ala97Val double substitution ([@B21]). In our study, among the fluoroquinolone-resistant *H. pylori* strains, 20% had mutations in codon 87, where the change of asparagine to lysine occurred. Most often, however, mutations in codon 91 were observed, which occurred in 40% of strains. In France, the mutation at position Asn87Lys in the gene *gyrA* occurred in 27% of *H. pylori* strains, and the Thr87Tyr mutation in 9%. The Asp91Asn mutation occurred in 36% of French strains and Asp91Tyr in 14% (more often than in this study). Interestingly, higher MIC values were found in strains with the Asn-87 mutation ([@B23],[@B24]). MIC was higher in strains that were resistant to clarithromycin and levofloxacin ([@B23]). In our study, all strains with mutations at position 87 were characterized by high MICs, while strains with mutations at position 91 were more diverse. Depending on the type of mutation, there was another MIC, but there were too few of them to draw conclusions. In Vietnam, a new combination of mutations in the levofloxacin resistant strain -- Asn87Ala, Ala88Asn, and Val65Ile was found ([@B23]). In our study, 40% of *H. pylori* resistant to levofloxacin did not have any sense mutation or had silent mutations. Despite this, it turns out that the change of one nucleotide may affect the resistance of the strains. It was found that the presence of GCG alleles at position 122 of the *gyrA* gene increases the risk of resistance to levofloxacin eightfold (*p* = 0.0376). In French studies, only 1% of strains did not have any mutations ([@B8]). However, there is a relationship between the number of mutations and resistance to levofloxacin. It was found that strains resistant to this antibiotic have a higher mean number of mutations than sensitive strains (*p* = 0.0358). In addition, the presence of isoleucine at position 191 of the *gyrA* gene statistically significantly reduced the risk of resistance to fluoroquinolones by 87% (*p* = 0.0376). Among the sensitive strains, 8% had Pro188Ser mutations in the *gyrA* gene, and the remaining 92% did not have any sense mutation or had silent mutations. Probably there is another mechanism, such as the efflux system, which is responsible for high resistance to levofloxacin ([@B4]). In our study, resistant and sensitive strains to levofloxacin had mutations in the *gyrB* gene Asp481Glu + Stop484Lys, respectively 60 and 92%. The Asp481Glu mutation occurred only in 10% of resistant strains. Silent mutations or lack of sense mutations were characteristic for 30% of resistant strains and for 8% of sensitive strains. This means that probably, not the mutations in the *gyrB* gene, but rather random event has the greatest impact on the emergence of resistance to levofloxacin. Our research has some limitations. We analyzed only some selected mutations related to phenotypic resistance. We believe that further research studies are needed to explain multiple phenotypes related to resistance in clinical practice.

Conclusion
==========

Among the tested *H. pylori* strains isolated from patients with primary infections, up to 32% were simultaneously resistant to at least two antibiotics used as standard in eradication therapy. Thanks to the applied methods of sequencing it was possible to analyze not one but many genetic changes within the examined genes. Among *H. pylori* strains resistant to clarithromycin, mutations at positions A2143G, A2142G, and A2143G + T2182 were most frequently found. The risk of resistance to clarithromycin is significantly higher among *H. pylori* strains with the A2143G mutation. With the increase in the number of mutations, the percentage of *H. pylori* strains sensitive to clarithromycin significantly decreases. The presence of the GCG allele at position 122 of the *gyrA* gene increases the risk of resistance to levofloxacin, while the presence of isoleucine at position 191 of the *gyrA* gene reduces the risk of resistance to levofloxacin.
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